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Abstract 
Undulatory rays, propelled by the enlarged pectoral fin on both sides of body, swim close to the substrate. The pectoral fins 
undulate in the form of a three-dimensional traveling wave. However, the physical mechanisms of the 3D traveling wave in 
ground effect are especially unknown. The self-propelled locomotion of the 3D traveling wave wall in ground effect is 
investigated in this study, with a 3D computational fluid dynamics package that combines the immersed boundary method, the 
volume of fluid method, the adaptive multi-grid finite volume method, and the control strategy of swimming. The influences of 
ground effect on the locomotion of the 3D traveling wave wall are analyzed. The fluid mechanisms of swimming of the 3D 
traveling wave wall in ground effect are revealed using vorticity dynamics. From numerical simulations and vorticity dynamics, 
it is found that the 3D traveling wave wall can achieve high swimming performance on the bottom of water through flow control.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
The undulatory rays and batoids, which belong to benthic fishes, are capable of controlling flow using active or 
passive deformation of body surface, and have more excellent swimming performance. They are propelled by the 
enlarged pectoral fin on both sides of body. Lauder and Wilga [1] summarized the features of locomotory modes of 
different types of rays, and compared the lifestyles of undulatory ray and oscillatory ray. Rosenberger [2] compared 
 
 
* Corresponding author. 
E-mail address: xinzhiqiang@hhu.edu.cn 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM)
427 Zhi-Qiang Xin and Chui-Jie Wu /  Procedia Engineering  126 ( 2015 )  426 – 430 
the pectoral fin locomotion behavior of the eight batoid species further and studied the effects of wave number and 
amplitude on swimming speed. He found that undulatory mechanisms for fully benthic rays are efficient at slow 
speeds, whereas oscillatory mechanisms used by pelagic rays are efficient at fast cruising and generate greater lift 
[2].  Dewey and Smits [3] investigated the relationship between efficiency and wake structure of a batoid-inspired 
oscillating fin. When undulatory rays and batoids swim close to the substrate, they experience significant ground 
effects. However, litte is known about “unsteady ground effect”, where fins or wings are oscillating and undulating 
to self-propelled locomotion near a solid ground [4]. Based on the results of these studies, the numerical simulation  
of self-propelled locomotion of the three dimensional travelling wave in ground effect are carried out to reveal the 
fluid mechanisms of unsteady ground effect corresponding to undulatory fins in the present study. 
2. Computational fluid dynamics numerical algorithm with moving boundary 
The unsteady Navier-Stokes equations are solved by finite volume method in the present study. The 
computational domains are spatially discretized using cubic finite volumes organized hierarchically as an octree. 
The Poisson equation of pressure is solved using the projection method and the multi-levels methods. The second 
order Godunov type scheme is used to discretize the convective terms. The diffusion terms are discretized with the 
implicit Crank-Nicolson scheme that can eliminate the viscous stability constraint. The temporal discretization is 
performed using the fractional-step projection method. 
The study of fish self-propelled swimming is a moving boundary problem involving complex geometry. The 
computing methods of moving boundaries problem are usually classified into the body-fitted moving mesh method 
and immersed boundary method (IBM) for computational fluid dynamics. In this study, moving boundaries are 
treated with ghost-cell IBM that employs discrete forcing where the forcing is either implicitly or explicitly applied 
to the discretized Navier-Stokes equations. The technique of adaptive multi-grids is used and the adaptive 
refinement criteria are both vorticity and oT , where To is a tracer of VOF. This ensures that meshes intersecting 
with moving body boundaries are the finest and the accurate representation of moving boundaries is achieved. The 
detail of numerical algorithms is referred to Xin and Wu [5]. 
3. Motion equations and undulation parameters of the 3D travelling wave wall 
The dynamics equations for the self-propelled 3D travelling wave wall are 
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where m is the mass of the travelling wave wall, u  is the locomotion velocity vector, F  is the hydrodynamic force, 
and M is the moment and L  is the moment of momentum. In the study of self-propelled locomotion process of the 
3D travelling wave wall, two sets of coordinates are used, which are the fish body coordinates(xl, yl , zl) and the 
global coordinates(x, y, z). Two sets of coordinates can be converted. 
The self-propelled locomotion of the 3D travelling wave wall is considered as shown in Fig. 1. The 3D 
travelling wave wall is like a flying carpet. The flexible moving wall is undergoing a vertical oscillation in the form 
of a travelling wave. The amplitude of the travelling wave wall is the same in the spanwise direction. The 3D 
travelling wave wall can form a backward or forward propagation traveling wave in the process of self-propelled 
locomotion. The excellent locomotion controls are achieved by adjusting the wavelength, the frequency and the 
direction of wave propagation. The undulatory rules of the 3D travelling wave wall are defined by 
sin ( )ly a k x ct      (2) 
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where a is the wave amplitude,  k=2π/λ is the wave number with λ the wave length, c is the phase speed of the wave, 
x is the coordinate in the propagation direction of  the wave, and t is the time. f=c/λ is the wave frequency. Thus, in 
the local coordinates, the velocity u of any point on the 3D travelling wave wall is given by 
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Fig. 1. Schematic diagram of the 3D travelling wave wall. 
In the global coordinates, the velocity on the body boundary is obtained from undulation rules of the 3D 
travelling wave wall, which consists of velocity arising from hydrodynamic force, linear velocity arising from 
rotation and velocity arising from flapping. In this study, the computational region is like a flume (6hh, length 
×width×height) and the flow is at rest in the initial time. All physical quantities are non-dimensionalized by a 
characteristic reference velocity c, and the wave wall length L. 
4. Results and analysis 
Through numerical simulation and analysis of self-propelled motions of the 3D traveling wave wall [6], it is 
found that the key parameter of the flow control for the traveling wave motion is the ratio of the wall motion phase 
speed c to the locomotion speed of moving body U. Below a threshold value of c/U < 1.0, the large-scale wake 
vortices of the 3D travelling wave wall are reduced significantly. Thus, the influences of ground effect on the 
locomotion of the 3D traveling wave wall are analysed in two cases: c/U > 1.0 and c/U < 1.0, respectively. The λ2 
method of Jeong and Hussain [7] [no reference cited here] was applied to illustrate the 3D vortical structure. For 
each case, the self-propelled motions of the 3D traveling wave wall beginning to swim from the bottom of the solid 
ground is compared with that of 3D travelling wave wall far from the bottom in the initial time (freestream 
swimming).  
4.1. 3D travelling wave wall as c/U > 1.0 
GE denotes swimming performances of 3D travelling wave wall in ground effect and NO_GE is corresponding to  
the opposite situation in Fig. 2. The 3D travelling wave wall uses the same undulatory parameters to propel the body 
in two cases. As shown in Fig. 2 (a) and Fig. 2 (b), the 3D travelling wave wall is 0.1 away from the bottom of the 
boundary in the initial time for the GE case.  The 3D travelling wave wall begins to swim in the middle depth of the 
flume for NO_GE case. From the swimming trajectories, the 3D travelling wave wall in ground effect case swims 
slightly faster than that without ground effect. But the distance that the 3D travelling wave wall for the GE case 
moves in the vertical direction is 4 times of that of the freestream swimming. This shows that the 3D travelling wave 
wall in ground effect achieves perfect swimming performance because of high forces exerted on moving body. 
While the 3D traveling wall swims on the bottom, the lift forces are enhanced greatly due to the ground effect, 
compared with the freestream swimming from Fig. 2 (d). Fig. 2 (c) shows that the thrust of the 3D traveling wave 
wall is also increased in ground effect, but the ground effect has smaller effect on the thrust of the 3D traveling wave 
wall. 
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(a) x path                                         (b) z path                                              (c) Fx force                                          (d) Fz force 
Fig. 2. Swimming trajectory and forces applied on the 3D travelling wave wall. 
   
(a) t=0.5                                                       (b) t=2.5                                                          (c) t=4.0 
Fig. 3. Vorticity (x -z slice) of the self-propelled locomotion of the 3D traveling wave wall in ground effect. 
    
(a) Velocity vector(x-z slice)                                       (b) 3D vortex structure (λ2 isosurface) 
Fig. 4.  Velocity field and vortex structure of the self-propelled locomotion of the 3D travelling wave wall in ground effect. 
                                
(a) Vorticity  (x-z slice)                                                    (b) Velocity vector(x-z slice) 
Fig. 5. Fluid fields of the 3D travelling wave wall without ground effect. 
For the freestream swimming, the average lift forces are constant in the process of self-propelled swimming. 
From the moment t=1.0 to t=3.0, the lift forces are increased significantly due to ground effect for the GE case. 
Compared with the freestream swimming, the lift forces are increased firstly, and then they are decreased. The 
higher lift force is induced by the vortices shedding toward the right rear side of the body, as shown in Fig. 3 and 
Fig. 4. The wake vortices are compressed by the solid boundary in the Fig. 3 (b) and Fig. 4 (a). In the initial time, 
the vortices created by 3D travelling wave wall are not shed to the wake and not strong. So the solid ground has no 
impact on the moving body. In the process of self-propelled swimming, the ground effect has significant influence 
on the 3D traveling wave wall, only while the interaction of the wake vortices with the solid boundary occurs. The 
lift force is decreased after the moment t=2.5, although the wake vortices on the bottom side of moving body far 
from the solid ground are strong. The ground effect decreases as the ratio of gap (the distance between the moving 
body and the ground) and span (the width of moving body parallel to the ground) exceeds the limit. It can be seen 
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from Fig. 5 that the wake vortices are always far from the solid ground for the freestream swimming.  Therefore, the 
average lift forces do not vary with the time.  
4.2. 3D travelling wave wall as c/U < 1.0 
As c/U < 1.0, the large-scale wake vortices of the 3D traveling wave are reduced significantly. Not many vortices 
are produced on the surface of the 3D traveling wave wall and shed off. Thus, the solid ground does not have  
significant impact on the 3D traveling wave wall, even if the 3D traveling wave wall swims on the bottom of solid 
boundary. It can be seen from Fig. 6 that the paths which the 3D traveling wave wall travel in two cases are nearly 
the same.   
                               
(a) x path                                                                                                  (b) z path 
Fig. 6. Swimming trajectory of  the 3D travelling wave wall. 
5. Conclusions 
The lift forces are enhanced greatly due to the ground effect, while the ground effect has smaller effect on the 
thrust of the 3D traveling wave wall, as c/U > 1.0, compared with the freestream swimming. The higher lift force is 
induced by the wake vortices shedding toward the right rear side of the body, which are compressed by the solid 
boundary. The ground effect decreases as the ratio of gap and span exceeds the limit. The ground effect can have 
significant influence on the 3D traveling wave wall, only while the interaction of the wake vortices with the solid 
boundary occurs. 
Acknowledgements 
This work is supported by National Natural Science Foundation of China (Grant No. 11302071) and National 
Postdoctoral Foundation of China (Grant No. 2013M541597). 
 
References 
[1] C.D. Wilga and G.V. Lauder, In The Biology of Sharks and Their Relatives: Locomotion in Sharks, Skates and Rays, CRC Press., 2004. 
[2] L.J. Rosenberger, Pectoral fin locomotion in batoid fishes: undulation versus oscillation, J. Exp. Biol., 204(2001)379-394. 
[3] P. Y. Dewey, A. Carriou and A. J. Smits, On the relationship between efficiency and wake structure of a batoid-inspired oscillating, J. Fluid 
Mech., 691(2012)45–266. 
[4] E. Blevin, G. V. Lauder, Swimming near the substrate: a simple robotic model of stingray locomotion, Bioinspir. Biomim., 8 (2013)016005. 
[5] Z. Q. Xin, C. J. Wu, Numerical simulations and vorticity dynamics of self-propelled swimming of 3D bionic fish. Sci. China-Phys. Mech. 
Astron., 55(2)(2012) 272-283, 
[6] Z. Q. Xin, C. J. Wu, Vorticity dynamics of self-propelled locomotion of the three dimensional travelling wave wall, Proceedings of the 
Eighth International Conference on Computational Fluid Dynamics, Chengdu, 2014. 
[7 ] J. Jeong,  F. Hussain, On the identification of a vortex. J Fluid Mech, 285(1995)69-94. 
